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Introduction {#sec001}
============

In December 2019, a novel strain of coronavirus (disease name, COVID-19) was identified in a group of patients in Wuhan, Hubei Province, China \[[@pone.0234955.ref001]\]. The pathogen spreads through human-to-human transmission, and data suggests that the pandemic has now affected a vast number of the world's population \[[@pone.0234955.ref002], [@pone.0234955.ref003]\]. On January 23^rd^, 2020, a quarantine was imposed on travel in and out of Wuhan to prevent the spread of COVID-19. However, it is estimated that more than five million residents had already left the city before the lockdown \[[@pone.0234955.ref004]\]. These travelers likely contributed significantly to the number exported cases in other countries. Additionally, national governments with citizens in Wuhan evacuated their citizens after the travel ban, and these evacuations led to the movement of infected individuals out of Wuhan. These two sources (infected Chinese travelers and infected foreign nationals) made up the vast majority of exported cases of COVID-19 from China during the early phases of transmission, and are designated by the World Health Organization (WHO) as "total cases with travel history to China" \[[@pone.0234955.ref005]\].

While we know that infected exported cases from Wuhan likely fall into these two groups, the number of risky travelers leaving Wuhan prior to the travel ban is difficult to estimate because the exact point in time at which they were exposed to COVID-19 or at significant risk of infection is poorly defined. While we may not know when travelers were first exposed to or infected by the virus, we want to define a critical period in which international travelers from Wuhan were likely already infected by the virus. This period of time was determined to be from January 19^th^ to January 22^nd^, 2020 from our review of case studies.

The objective of our study is to estimate the COVID-19 infection rate of international travelers and evacuated citizens from other countries through analysis of exported infected cases from Wuhan. Our study utilized exported COVID-19 cases after the Wuhan travel ban which gives us insight into both the risk of exporting COVID-19 before the travel ban and the effects after the travel ban (i.e. those who were evacuated from Wuhan by their respective national governments).

Our paper's roadmap is organized as follows. We first analyzed the critical period when most infected cases were being exported from Wuhan, utilizing case reports in Japan, Singapore, and Korea. We then estimated an average infected rate among international travelers during the critical period of most infected exportation. Lastly, we investigated the infection rate among evacuees from Wuhan by each country of national origin. We compiled estimates of the number of infected in Wuhan from the literature and observe that our estimate is higher than previous reports. Overall, we highlight the critical period of exportation of COVID-19 from Wuhan and estimate an approximate infected rate of international travelers during that period with comparison to other estimates from the literature. In our discussion, we acknowledge the limitations in our study but also suggest that governments and researchers should collaborate to generate better estimates and predictions about COVID-19 and future epidemics. This would allow countries to be better prepared for future epidemics and outbreaks.

Methods {#sec002}
=======

Exported cases of COVID-19 {#sec003}
--------------------------

To ascertain exported cases of COVID-19, we used the "total cases with travel history to China" designation from the WHO reports, which are COVID-19 cases with recent travel history to China likely related to COVID-19 infection \[[@pone.0234955.ref005]\]. For WHO reports before February 3^rd^, 2020, that did not have a confirmed travel history to China, we used case reports and news reports **([S1 Table](#pone.0234955.s001){ref-type="supplementary-material"})** to track which cases were due to local transmission and excluded those cases from the total number of cases in order to distinguish those who had contracted COVID-19 due to exposure in Wuhan.

Case reports from the Ministry of Health in Japan, Singapore, and Korea {#sec004}
-----------------------------------------------------------------------

We relied on reports from national health agencies, containing information on the travel history of each patient, including the date that each case returned from Wuhan to their country of origin, to investigate when exportation of infected travelers occurred \[[@pone.0234955.ref006]--[@pone.0234955.ref008]\]. Each infected case that left China prior to February 14^th^, 2020 was defined as an exported case. Using this information, we plotted the flight date of infected individuals to see which dates had multiple exported cases **(S2 Table in [S1 File](#pone.0234955.s002){ref-type="supplementary-material"})**. To figure out the **critical period**, we investigated which flight dates had the highest number of exported travelers, which if summed together, account for the majority of cases. This critical period represents the highest rate of COVID-19 infection among international travelers from Wuhan.

Linear regression modeling of exported travelers with estimated risky international travelers {#sec005}
---------------------------------------------------------------------------------------------

To model the number of exported infected travelers with the number of risky international travelers, we utilized exported infection numbers and historical traveler data from Wuhan. For the exported infected cases, we used the total cases with travel history to China from the WHO technical report dated February 14^th^, 2020 \[[@pone.0234955.ref005]\]. Then for **infected travelers**, we subtracted the number of evacuees from the total infected cases for each country. For estimated travelers from Wuhan, we used a dataset containing 2 weeks of historical flight data from Wuhan to the top 30 countries by travelers in February 2018 \[[@pone.0234955.ref009]\]. We divided the number of travelers by 14 days (i.e. 2 weeks) to estimate daily travel out of Wuhan to other countries. The estimated risky international traveler population for each country is the product of the critical period and the estimated daily travelers from Wuhan.

For our linear regression model, we used the following equation and solved for the line of best fit for all countries besides Thailand. The infected rate of risky travelers corresponded to the slope of the line of best fit. $$Y = \beta\left( X \right) + \alpha + \varepsilon$$ Where Y, β, X, represent the number of exported cases, infected rate, and number of risky travelers out of Wuhan (which is the daily travelers \* critical period) respectively. We set α, our y-intercept, to zero because there is assumed to be no infected traveler without a risky traveler, and ε represents the difference between expected and actual values, i.e. the error term. We only used countries with 2 or more exported cases of COVID-19 in our linear regression model (more than 90% of confirmed exported cases) \[[@pone.0234955.ref005]\]. We chose to exclude countries with less than 2 exported cases because they either have few risky passengers or may be underestimating the cases of COVID-19. Data for Taiwan and Hong Kong did not differentiate between exported cases and local transmission, so they were also excluded.

We used Microsoft Excel and ggplot in R (version 3.6.1) to plot the graphs and find the correlation between infected and risky passengers. R was used to calculate confidence interval for the line of best fit. We used R to generate diagnostic plots of the linear regression of the infected travelers. We used these plots to determine outliers and if the model matches the assumptions of linear regression.

We used Inkscape to make a figure of two model scenarios: realistic scenario and the model scenario of COVID-19 infection rates of travelers in Wuhan. The realistic scenario assumes exponential growth which would be expected in the case of an epidemic \[[@pone.0234955.ref010]\]. Our model scenario assumes all exported cases are from the critical time period and a constant infected rate. This simplifies estimation of the infection rate without other variables, which we do not have available. Therefore, the realistic scenario has an increasing infected rate over a longer period of time while our model scenario is a constant infection rate over a shorter critical time period.

Evacuee data {#sec006}
------------

For evacuees from Wuhan of each country, we compiled a table **(S3 Table in [S1 File](#pone.0234955.s002){ref-type="supplementary-material"})** from individual news sources that included reports prior to February 14^th^, 2020 and plotted the graphs of infected COVID-19 evacuees against the total number of evacuees.

Inferring Wuhan infected numbers {#sec007}
--------------------------------

To infer the number of infected cases in Wuhan, we assumed that the infected rate of travelers was the same as for the rest of Wuhan city \[[@pone.0234955.ref011]\]. Therefore, we multiplied the estimated infected rate of the infected travelers by the number of residents in Wuhan to estimate the number of infected individuals in Wuhan.

Results {#sec008}
=======

To explore the critical period of the exportation of COVID-19, we plotted the overall confirmed number of exported cases by confirmation date (**[Fig 1A](#pone.0234955.g001){ref-type="fig"}**). At the time of the Wuhan travel ban (January 23^rd^, 2020), there were still relatively few confirmed exported cases, but the number of cases increases rapidly until around February 1^st^, after which more cases are evacuees and local transmission between family members of Chinese travelers.

![Timing of exported infected cases.\
**A.** Cumulative total of exported infected cases by confirmation date by WHO. **B.** Using case reports of individuals infected with coronavirus in Japan, Singapore, and Korea, a graph of the number of exported cases is plotted to the flight date into the country. Evacuees are excluded from this graph.](pone.0234955.g001){#pone.0234955.g001}

Since the incubation and subsequent detection of the virus may take over 5 days \[[@pone.0234955.ref012]\], we looked at over 40 case reports of exported COVID-19 cases from Japan, Korea, and Singapore to figure out the critical period in which infected travelers were exported. **[Fig 1B](#pone.0234955.g001){ref-type="fig"}** shows the flight dates of infected cases exported into each country, highlighting the period from January 19^th^ to 22^nd^, 2020 having the highest number of exported cases, corresponding to the four days before the travel ban. Flights on and after the 23^rd^ of January are either indirect flights out of Wuhan or from other parts of China. Both of these graphs suggest that the vast majority of exported cases came during this short 4-day period.

To investigate the relationship between the number of travelers and exported cases, we estimated the number of travelers over 4 days from Wuhan based on historical flight data to each country and then compared it to the number of exported infected travelers, which is the exported cases minus infected evacuees (**[Table 1](#pone.0234955.t001){ref-type="table"}**). We found a line of best fit (**[Eq 1](#pone.0234955.e001){ref-type="disp-formula"}**) that accounted for most countries with multiple exported cases except Thailand (**[Fig 2](#pone.0234955.g002){ref-type="fig"}**). This line of best fit suggests that for most countries, there is an estimated 1 exported case for every 83 Wuhan travelers during the critical period. This also translates to an estimated 1.3% (CI 95%: 1.0--1.5%) infected rate among travelers from Wuhan during the critical period. However, Thailand, which has the most travelers from Wuhan, is a significant outlier among countries with multiple exported cases (**S2 and S3 Figs in [S1 File](#pone.0234955.s002){ref-type="supplementary-material"}**). This may be explained by the fact that most travelers from Wuhan to Thailand were tourists \[[@pone.0234955.ref020]\], and this population may not remain in Thailand even if they were infected.

![Exported infected cases and risky travelers.\
The number of confirmed exported cases were plotted against the number of estimated risky travelers from Wuhan from January 19^th^ to 22^nd^, 2020. A line of best fit was used for countries besides Thailand. Infected evacuees were excluded from the exported infected cases.](pone.0234955.g002){#pone.0234955.g002}

10.1371/journal.pone.0234955.t001

###### Exported infected cases from China.

The table shows number of exported cases from China to countries with multiple COVID-19 infected cases and differentiates them between infected evacuees and travelers. Estimated number of evacuees and estimated travelers during the critical period are also shown.

![](pone.0234955.t001){#pone.0234955.t001g}

  Country       Exported COVID-19 Cases (Feb 14)^5^   Infected Evacuees (on Feb 14) [\*\*](#t001fn001){ref-type="table-fn"}   Total Evacuees [\*\*](#t001fn001){ref-type="table-fn"}   Infected Travelers (Exported Cases---Infected Evacuees)   Estimated Travelers from Wuhan for 4 days^10^
  ------------- ------------------------------------- ----------------------------------------------------------------------- -------------------------------------------------------- --------------------------------------------------------- -----------------------------------------------
  Singapore     22                                    6 (5)                                                                   266                                                      17                                                        739
  Japan         24                                    9                                                                       763                                                      15                                                        1632
  Korea         13                                    1                                                                       701                                                      12                                                        626
  Malaysia      15                                    2                                                                       107                                                      13                                                        1155
  Australia     15                                    0                                                                       500                                                      15                                                        1080
  Thailand      23                                    0                                                                       138                                                      23                                                        4246
  Vietnam       8                                     0                                                                       30                                                       8                                                         403
  India         3                                     0                                                                       647                                                      3                                                         51
  Philippines   3                                     0                                                                       30                                                       3                                                         232
  US            13                                    3                                                                       800                                                      10                                                        695
  Canada        6                                     0                                                                       398                                                      6                                                         226
  UAE           6                                     0                                                                       0                                                        6                                                         417
  Germany       2                                     2                                                                       124                                                      0                                                         99
  France        5                                     0                                                                       302                                                      5                                                         265
  Italy         3                                     1                                                                       56                                                       2                                                         203
  Russia        2                                     0                                                                       140                                                      2                                                         84

\*\* are data from **S3 Table in [S1 File](#pone.0234955.s002){ref-type="supplementary-material"}**.

We also compiled information about infected cases among evacuees of Wuhan (**[Fig 3](#pone.0234955.g003){ref-type="fig"}**). However, we found this data to be less predictable and uniform. For example, Germany, Japan, and Singapore have infected rates above 1% of the evacuees while other countries such as Australia and India have zero infected cases among more than five hundred evacuees each (**S3 Table in [S1 File](#pone.0234955.s002){ref-type="supplementary-material"})**. This is likely related to comprehensive COVID-19 testing of asymptomatic evacuees in Germany, Japan, and Singapore \[[@pone.0234955.ref021]--[@pone.0234955.ref023]\]. This could also be a result of a very heterogeneous population. While we cannot measure the impact of individual level risk factors, such as differences in hygiene practices, we examined whether other differences in the response to COVID-19 at the national level associated with different numbers of infected cases. Interestingly, many of the countries with earlier evacuations saw a greater number of infected cases while countries with later evacuations had fewer infected cases (**S3 Table in [S1 File](#pone.0234955.s002){ref-type="supplementary-material"}**). This holds true even after adjusting for the number of evacuees. Countries that did multiple evacuations such as Japan and Singapore saw a lower infected rate among the latter evacuations than the earlier ones.

![Infected cases among evacuees of each country.](pone.0234955.g003){#pone.0234955.g003}

To understand our estimated number of infections at the time of the Wuhan travel ban, we compared our estimates with others from the literature **([Table 2](#pone.0234955.t002){ref-type="table"})**. We observed a wide range of estimates from a few thousand infected cases in Wuhan to over a hundred thousand infected. This discrepancy includes many factors including methodology of estimate, timing of the data collection, and extrapolation of the estimates between reports but not a single factor fully accounts for the discrepancies. Our estimate extrapolated to the city of Wuhan would yield an approximate infected population of more than 140,000 cases at the time of the travel ban, among the highest of any published estimates that have been reported.

10.1371/journal.pone.0234955.t002

###### Published reports on estimating COVID-19 infection in Wuhan around the time of the travel ban.

Numerous reports have been published estimating the number of infected in Wuhan using a variety of methods. Growth modeling refers using epidemic growth modeling with an exponential growth phase. Exported cases utilized the number of exported cases from China to model the number of infected cases in Wuhan. SEIR refers to using a Susceptible-Exposed-Infectious-Removed' (SEIR) framework in the model. GLEAM stands for Global Epidemic and Mobility Model.

![](pone.0234955.t002){#pone.0234955.t002g}

  Estimate around time of travel ban   Report                                                              Estimation Method         First Publication Date
  ------------------------------------ ------------------------------------------------------------------- ------------------------- ------------------------
  4000 (for January 18th)              Imai et. al. 2020 (MRC Centre Reports) \[[@pone.0234955.ref013]\]   Exported Cases            January 22nd, 2020
  21,022                               Read et al. 2020 (MedRxiv) \[[@pone.0234955.ref014]\]               Growth Modeling (SEIR)    January 28th, 2020
  75,815                               Wu et. al. 2020 (The Lancet) \[[@pone.0234955.ref015]\]             Exported Cases            January 31st, 2020
  Model 1: 6924                        Jung et. al. 2020 (JCM) \[[@pone.0234955.ref011]\]                  1: Growth Modeling        February 14th, 2020
  Model 2: 19,289                      2: Exported Cases                                                                             
  21,675                               Wang et. al. 2020 (Cell Discovery) \[[@pone.0234955.ref016]\]       Growth Modeling (SEIR)    February 24th, 2020
  16,589                               Lin et. al. 2020 (IJID) \[[@pone.0234955.ref017]\]                  Growth Modeling (SEIR)    March 4th, 2020
  117,584                              Chinazzi et. al. 2020 (Science) \[[@pone.0234955.ref018]\]          Growth Modeling (GLEAM)   March 6th, 2020
  13,118                               Li et. al. 2020 (Science) \[[@pone.0234955.ref019]\]                Growth Modeling (SEIR)    May 1st, 2020

Discussion {#sec009}
==========

We acknowledge that there are a significant number of exported cases outside of the critical period suggested in our model but we believe that our model is still appropriate for estimating the number of infected cases during the period of highest risk. Additionally, we assumed a constant rate of infection among risky travelers during the critical period even though it is likely that the infection rate was increasing each day. Therefore, a realistic picture of the situation would be that there was a lower rate of infection before the critical period that contributed to the exported infections but that the infection rate at the time of travel ban approached our estimated rate of infection (**S1 Fig in [S1 File](#pone.0234955.s002){ref-type="supplementary-material"}**). Chinazzi's study on the transmission of COVID-19 also showed a similar critical period of five days of high COVID-19 exportation with a larger exported dataset and that the travel ban significantly decreased international transmission of COVID-19 \[[@pone.0234955.ref018]\]. We acknowledge that the critical period could be 4 or 5 days depending on the definition and modeling although the realistic scenario is likely that there was a continuously increasing infection rate among travelers before the travel ban.

Additionally, there is likely a discrepancy between the infection rates of travelers to individual countries. If Thailand is included in the linear modeling, the estimated infected rate of risky travelers drops to 0.8% which is much lower than the expected infected rate for the other countries. It is believed that this difference could be attributed to infected tourists traveling from Wuhan to Thailand who then returned to China before falling ill. Another potential explanation is that Thailand started temperature monitoring at their airports early in January 2020 and this may have reduced the transmission of COVID-19 among Chinese travelers \[[@pone.0234955.ref024]\]. Among other countries, there may be other factors affecting the number of infected exported travelers that are unaccounted-for, including COVID-19 testing methodology and criteria, length of traveler's stay, and underreporting of infection or infection symptoms. These factors may contribute to the heteroscedasticity observed in our model, but we still believe that besides Thailand, the variance of the residuals from the linear regression is reasonable for a model (**S3 Fig in [S1 File](#pone.0234955.s002){ref-type="supplementary-material"}**). We acknowledge our linear regression model has limitations such as omitted variable bias and unobserved heterogeneity, but despite the limitations, we believe our model is still better than the alternative to aggregate cases from various countries altogether as other papers have done \[[@pone.0234955.ref011], [@pone.0234955.ref013]\].

There are some assumptions in our model which have the potential to lead to an overestimate of the infected rate. There is likely transmission of COVID-19 between Chinese travelers outside of China which would still be included in our exported cases of COVID-19. However, it might not be possible to tell whether a specific traveler was infected prior to or after leaving China, especially if they traveled with other infected cases. From case reports in Japan, Korea, and Singapore, we found that most exported cases were individual cases as opposed to large clusters, suggesting most infected cases likely became infected in China. We also used WHO data from February 14^th^, 2020 as a cutoff for exported cases because it is likely that any case after this date is not a direct export from Wuhan. Reassuringly, our estimated number of travelers to Thailand is within 5% of the actual numbers from Thailand's Ministry of Health reports \[[@pone.0234955.ref024]\].

The evacuee population is more difficult to model due to differences in procedures between their respective countries of origin. Each country has their own procedures for selecting when and how to evacuate people. Further, determination of infected status was not consistent across countries. Japan, Germany, and Singapore chose to test every evacuee, including asymptomatic people at the time of testing, which was not the case among other countries \[[@pone.0234955.ref021]--[@pone.0234955.ref023]\]. Additionally, each population of evacuees is unique and population-specific risk factors may lead to a different likelihood of getting infected for each population. However, the low number of infected cases from the later flights suggest that transmission of the virus is likely slowed by measures taken by the travel ban. Infected cases from before the travel ban are more likely to be symptomatic and would have been unable to evacuate at a later date, leading to the possibility that the proportion of symptomatic and asymptomatic carriers was systematically different among early and late evacuees. Our estimated infected rate for travelers is similar to the infected rates among evacuees from Germany, Japan, and Singapore, lending weight to the validity of our estimates.

Our estimated rate of infection among risky international travelers from Wuhan was 1.3% which is about 140,000 infected when extrapolated to the city of Wuhan. Notably, this is much higher than the other reported estimated numbers of infections in Wuhan around the time of quarantine \[[@pone.0234955.ref011], [@pone.0234955.ref013]--[@pone.0234955.ref018]\]. Our approach is unique in that we\'ve utilized publicly available data about travelers and exportation of COVID-19 to each country and correlated that to an estimated infected rate. We believe our approach is more accurate than simply using all travelers and exported cases because it better adjusts for underreporting, inadequate testing, or other factors affecting accurate COVID-19 numbers by individual countries.

Our estimate is similar to estimates published in prior studies but still higher than those listed in our table. One key question is whether this infected rate can be extrapolated to the general population of Wuhan around the time of the travel ban. Other studies have used exported cases to infer a higher number of infected cases in the Wuhan area around the time of the travel ban than the confirmed numbers \[[@pone.0234955.ref011], [@pone.0234955.ref013], [@pone.0234955.ref015]\]. Although there will be some differences between travelers to Wuhan and the local population, some of which may confer differential risk profiles for each population, we believe this is the best estimate according to available data. If so, an estimated 110,000--160,000 out the 11 million people in Wuhan may have been infected at the time of the travel ban. This number would represent those infected by the virus that eventually develop COVID-19 symptoms but may not include asymptomatic patients, who can still transmit the virus \[[@pone.0234955.ref025]\]. COVID-19 infection data from the Diamond Princess Cruise ship suggests 18% of all COVID-19 cases may be asymptomatic \[[@pone.0234955.ref026]\], so this population may contribute to the underestimation of exported cases and unsuspected transmission of COVID-19. Our estimated COVID-19 infected numbers are higher than previous reports as we use data up to February 14^th^, 2020 to infer the infected rate around the time of the travel ban. We believe this is more accurate estimate because previous reports using exported infected cases were published using data before the full incubation period of COVID-19, which has been demonstrated to be an average of 5.1 days with examples up to 2 weeks in some cases \[[@pone.0234955.ref002], [@pone.0234955.ref012]\].

The total confirmed infected cases worldwide in the WHO report only number around 70,000 as of February 17^th^ \[[@pone.0234955.ref027]\]. Yet, our estimates suggest that true infected cases were potentially much higher. The travel ban from Wuhan seems to be effective in reducing exported cases and global spread would appear to have been much worse had the travel ban occurred any later. Additionally, from evacuee data, the infected rate in Wuhan appeared to remain high the week following the travel ban but potentially decreased afterwards. Our findings suggest that the COVID-19 infections in Wuhan may be much higher than previous estimates based on the exported cases from Wuhan around the time of the travel ban. This information and research can be used by governments and health organizations for better assessment of the true infected population, allowing government agencies, healthcare providers and organizations, and researchers better allocate resources and enact response measures during the COVID-19 pandemic and future epidemics.

We would recommend government and researchers to work together in the future to better assess the COVID-19 situation and any future epidemics. For instance, in the scenario of COVID-19, it was not easy to obtain information about exported cases of COVID-19 in each country about specific date of entry and date of symptoms. The WHO reports contain aggregate information about COVID-19 cases, but it is not always appropriate to aggregate the cases because each country's policy, healthcare, and demographics are different from one another. Additionally, there are examples of cases where infected travelers from Wuhan had COVID-19 but returned to China before being detected \[[@pone.0234955.ref028]\]. This type of information and accurate exported case data would be helpful in estimating the prevalence of the disease but is not easily obtainable to researchers. In the future, better access and aggregation of high-quality data will not only speed up research about the situation but also improve the quality of the research. Governments need to be supportive of this research for it to work by providing real-time, high-quality, and honest data. Ideally, research and predictions can be updated on a weekly basis using the latest information. This would require setting up a model that incorporates the information and is prepared for the future epidemics as well cooperation from government agencies from multiple countries. In our exported cases linear model, it requires air travel data, the number of exported cases by air travel, and a time frame of sufficient cases which is simple and can be updated easily for a quick estimation. However, researchers may need to adapt or develop alternative models depending on the data availability and circumstances to estimate infections. By having these models and estimates, governments will be better prepared to make policies such as quarantine and travel bans to handle the predicted situation and prevent exacerbation of a problem.

Conclusions {#sec010}
===========

In our study, we used exported COVID-19 cases from China to estimate the infected rate among international travelers from Wuhan, China. We used a linear regression model with countries having multiple exported cases to compare the number of exported cases with the number of travelers from Wuhan. Our analysis suggests that except for Thailand, an estimated 1.3% of international travelers from Wuhan were infected in the four days before the travel ban. Furthermore, evacuee data from Wuhan was heterogeneous but multiple countries, including those tested all evacuees for COVID-19, saw more than 1% of their evacuees infected. Extrapolating the international traveler data to the general Wuhan population suggest an estimated 140,000 people were infected at the time of the Wuhan travel ban which is higher than previous estimates. We suggest researchers to revisit estimates and models of the early COVID-19 transmission for better understanding of the initial epidemic of COVID-19. Additionally, we suggest that government and researchers should collaborate in modeling to prepare for future epidemics and pandemics.
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======================

###### 

(XLSX)

###### 

Click here for additional data file.

###### 

(PDF)

###### 

Click here for additional data file.

10.1371/journal.pone.0234955.r001

Decision Letter 0

Paniagua

Jordi

Academic Editor

© 2020 Jordi Paniagua

2020

Jordi Paniagua

This is an open access article distributed under the terms of the

Creative Commons Attribution License

, which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

26 Mar 2020

PONE-D-20-05233

Estimating the prevalence and risk of COVID-19 among international travelers and evacuees of Wuhan through modeling and case reports

PLOS ONE

Dear Mr. Luo,

Thank you for submitting your manuscript to PLOS ONE. After careful consideration, we feel that it has merit but does not fully meet PLOS ONE's publication criteria as it currently stands. Therefore, we invite you to submit a revised version of the manuscript that addresses the points raised during the review process.

I have now received the opinion of two subject matter experts. Please be advised that my decision (and the reviewer\'s recommendations) would have been different (tending to reject), had it been another topic. However, I do believe that your research is relevant and it will contribute to the better understanding of the current emergy situation throughout the world. The paper needs to be re-written for the sake of clarity, with careful attention to the methods section. If you need professional proofread services, please contact the journal office. Please follow the reviewer\'s recommendations. Let me highlight the most critical issues (where R2\#3 is the third comment of reviewer 2). 1. Review of the literature: table with other papers examining similar issues. (R1\#1, R2\#1)2. Data sources table and output table R2\#3 R2\#83. Clarify methods and models. R2\#5, R2\#6, R2\#124. Discussion: Please focus your discussion on your results and your limitations. One of them is the incubation period, which according to Bati et al (2020) the median incubation period was estimated to be 5.1 days.5. Future lines of research: Please suggest, based on your findings and limitations, what/how should researchers continue investigating. For example, R2\#11 is a relevant issue for further research. ReferencesBai, Yan, et al. \"Presumed asymptomatic carrier transmission of COVID-19.\" *Jama* (2020). DOI: 10.7326/M20-0504 

We would appreciate receiving your revised manuscript by May 10 2020 11:59PM. When you are ready to submit your revision, log on to <https://www.editorialmanager.com/pone/> and select the \'Submissions Needing Revision\' folder to locate your manuscript file.

If you would like to make changes to your financial disclosure, please include your updated statement in your cover letter.

To enhance the reproducibility of your results, we recommend that if applicable you deposit your laboratory protocols in protocols.io, where a protocol can be assigned its own identifier (DOI) such that it can be cited independently in the future. For instructions see: <http://journals.plos.org/plosone/s/submission-guidelines#loc-laboratory-protocols>

Please include the following items when submitting your revised manuscript:

A rebuttal letter that responds to each point raised by the academic editor and reviewer(s). This letter should be uploaded as separate file and labeled \'Response to Reviewers\'.A marked-up copy of your manuscript that highlights changes made to the original version. This file should be uploaded as separate file and labeled \'Revised Manuscript with Track Changes\'.An unmarked version of your revised paper without tracked changes. This file should be uploaded as separate file and labeled \'Manuscript\'.

Please note while forming your response, if your article is accepted, you may have the opportunity to make the peer review history publicly available. The record will include editor decision letters (with reviews) and your responses to reviewer comments. If eligible, we will contact you to opt in or out.

We look forward to receiving your revised manuscript.

Kind regards,

Jordi Paniagua

Academic Editor

PLOS ONE

Journal Requirements:

1\. When submitting your revision, we need you to address these additional requirements.

 

Please ensure that your manuscript meets PLOS ONE\'s style requirements, including those for file naming. The PLOS ONE style templates can be found at

<http://www.journals.plos.org/plosone/s/file?id=wjVg/PLOSOne_formatting_sample_main_body.pdf> and <http://www.journals.plos.org/plosone/s/file?id=ba62/PLOSOne_formatting_sample_title_authors_affiliations.pdf>

2.  Please include captions for your Supporting Information files at the end of your manuscript, and update any in-text citations to match accordingly. Please see our Supporting Information guidelines for more information: <http://journals.plos.org/plosone/s/supporting-information>.

\[Note: HTML markup is below. Please do not edit.\]

Reviewers\' comments:

Reviewer\'s Responses to Questions

**Comments to the Author**

1\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: Partly

Reviewer \#2: Partly

\*\*\*\*\*\*\*\*\*\*

2\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: Yes

Reviewer \#2: No

\*\*\*\*\*\*\*\*\*\*

3\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

4\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes

Reviewer \#2: No

\*\*\*\*\*\*\*\*\*\*

5\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: The authors used the number of exported COVID-19 cases from Wuhan to overseas and the number of infections/cases detected among passengers on charter flights by different countries to estimate the prevalence of COVID-19 in Wuhan. However, the same analysis has been done by several groups. They have either published their papers or uploaded their results in preprint archives. I suggest the authors do a thorough search of the similar studies and summarize them in a table to highlight the similarities and differences among different studies.

Reviewer \#2: The aim of this paper is to analyse the critical period when the majority of Covid-19 infected cases were being exported, utilizing case reports in Japan, Singapore, and Korea. Moreover, it also estimates an average infected rate among international travelers during the risk period and investigates the infection rate among evacuees from Wuhan by each country. While the paper studies a current topic and it is very interesting, it would benefit from a major revision:

1\) The introduction sets the topic and explains the outbreak of Covid-19 and the measures implemented in Wuhan. However, it does not say how it contributes to the previous literature and the importance of this study. Covid-19 is still a new virus but there are already lots of paper analysing it and there is previous literature in epidemics that can help you position your paper on the literature.

2\) The objective of the paper needs to be clearly stated in the introduction.

3\) The main variable is "total cases with travel history to China" -- you need to define it properly in the text. Moreover, the data source on all the variables is needed. Provide a table with all the relevant information and cases.

4\) The figures have a very low quality.

5\) Equation 1 -- this is not the best way to specify a model. You need to show the dependent variable and the covariates with their coefficients and the error term. Notation is important to follow the paper.

6\) The methods are not clear. They are misleading and they don't really match what you do in the results. It is important that you rewrite the methods section. The results are interesting, but they need to be well supported by the methods.

7\) I would suggest that you say only once the software used (excel or R).

8\) While the journal requires you to publish the dataset, I would suggest you create nice tables out of the two excels that you are uploading as supplementary material. They could be very informative. You need to show a descriptive table -- number of cases, exported, travelers...etc.

10\) It looks like from the data, that most of the infected cases traveled 4 days before the ban -- however, you have a very small sample. Moreover, the incubation period is not known, so these people could have been infected long before traveling.

11\) You analyse the exports from Wuhan, but since the outbreak and before the van, people in China were moving around. Flights from other regions in China to different countries could also carry infected people. Could that be checked too?

12\) In the discussion, you talk about a model, but the model is not really explained in the methods section.

13\) While the discussion is interesting, you need to write down the main limitations. You are looking at the correlation of two variables -- so, you might have omitted variable bias. You don't know the incubation period. And other data limitations that you faced during the study.

14\) The paper would benefit from a full rewording -- in many cases it feels like the authors are listing concepts (mainly in the methods and results). The text should flow.

\*\*\*\*\*\*\*\*\*\*

6\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

Reviewer \#2: No

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files to be viewed.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>. Please note that Supporting Information files do not need this step.

10.1371/journal.pone.0234955.r002
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Response to Revision Requests

Reviewer \#1 Comments

I suggest the authors do a thorough search of the similar studies and summarize them in a table to highlight the similarities and differences among different studies.

Thank you for your comments. We have organized and summarized a table of published or preprinted estimates of the Wuhan infections in our revision (Table 2). We have highlighted our estimated number of infections is on the higher side of the estimates but not out of proportion.

Reviewer \#2 Comments

1\) The introduction sets the topic and explains the outbreak of Covid-19 and the measures implemented in Wuhan. However, it does not say how it contributes to the previous literature and the importance of this study. Covid-19 is still a new virus but there are already lots of paper analyzing it and there is previous literature in epidemics that can help you position your paper on the literature.

We agree with your comments about positioning our paper in regard to other estimates. We discuss the value added of our manuscript in the revised introduction (lines 73-76). We have also included a summary of the literature to highlight how our manuscript differs from previous publications (Table 2).

2\) The objective of the paper needs to be clearly stated in the introduction.

We have added the objective of our paper to the introduction (lines 65-66).

3\) The main variable is "total cases with travel history to China" -- you need to define it properly in the text. Moreover, the data source on all the variables is needed. Provide a table with all the relevant information and cases.

We have added definitions to the variables (lines 80-82, 91-94, 99-100). We have added Table 1 with all the information used to graph figure 2 and 3. Supplementary Table 1 has a list of data complied used to graph Figure 1A. Supplementary Table 2 has a list of data and sources to plot Figure 1B.

4\) The figures have a very low quality.

We apologize when we observed that figures were low quality upon submission. We have high quality figures and hopefully they will appear so in our upload.

5\) Equation 1 -- this is not the best way to specify a model. You need to show the dependent variable and the covariates with their coefficients and the error term. Notation is important to follow the paper.

We have modified our expression of our Equation 1 to best address this issue (105-112).

6\) The methods are not clear. They are misleading and they don't really match what you do in the results. It is important that you rewrite the methods section. The results are interesting, but they need to be well supported by the methods.

We have made large changes and additions to the methods. We hope this clarified how we obtained our results.

7\) I would suggest that you say only once the software used (excel or R).

We have made this change and deleted redundant software references.

8\) While the journal requires you to publish the dataset, I would suggest you create nice tables out of the two excels that you are uploading as supplementary material. They could be very informative. You need to show a descriptive table -- number of cases, exported, travelers...etc.

We agree and have added Table 1 with the data sources listed to address this comment.

9\) It looks like from the data, that most of the infected cases traveled 4 days before the ban -- however, you have a very small sample. Moreover, the incubation period is not known, so these people could have been infected long before traveling.

We agree the sample size from Japan, Singapore, and Korea is not large but we believe it is appropriate and sufficient for sampling purpose (40/\~140). The incubation period of these infected travelers is not known and we presume that they were infected before leaving Wuhan. Therefore, we used data weeks after the travel ban to make sure we had the full dataset of exported infected cases. We also mention that Chinazzi's study using a larger exported dataset had a similar depiction of a critical period of \~5 days in their figure (Lines 185-189).

10\) You analyze the exports from Wuhan, but since the outbreak and before the ban, people in China were moving around. Flights from other regions in China to different countries could also carry infected people. Could that be checked too?

We performed analysis on Wuhan travelers because it was a significant contributor to exported cases. Theoretically, we can do the same analysis on other cities if they had a large sample size of exported cases but it does not appear that other cities contributed significantly to the exportation of COVID-19. From the WHO report on February 14th, 2020 \[5\], there is graph of 200 COVID-19 cases outside China with the suspected method transmission. Exported cases from Hubei province account for over 80% of exported cases from China, so it can be assumed the city of Wuhan accounts for the majority of all exported cases from China.

11\) In the discussion, you talk about a model, but the model is not really explained in the methods section.

We agree and have elaborated on the realistic scenario and model scenario in our methods (lines 119-125).

12\) While the discussion is interesting, you need to write down the main limitations. You are looking at the correlation of two variables -- so, you might have omitted variable bias. You don't know the incubation period. And other data limitations that you faced during the study.

We agree and have added many more limitations we faced in our discussions. Some of these include asymptomatic infected travelers, COVID-19 testing methodology, and underreporting (lines 200-203). We do not know the incubation period of the virus in the travelers although we cite literature regarding the COVID-19 incubation period (line 142). However, we do not use the incubation period in our methods except that we account for the fact that there is a delay between the travel ban and the detection of exported cases (lines 245-249).

13\) The paper would benefit from a full rewording -- in many cases it feels like the authors are listing concepts (mainly in the methods and results). The text should flow.

We agree and have made significant changes to the methods and results sections.

Editors Comments

1\. Review of the literature: table with other papers examining similar issues. (R1\#1, R2\#1)

We agree and have added Table 2 to compare our results with other estimates of the Wuhan infected numbers.

2\. Data sources table and output table R2\#3 R2\#8

We agree and added Table 1 to address this. Additionally, we have made changes to Supplementary Tables to better display our data and sources.

3\. Clarify methods and models. R2\#5, R2\#6, R2\#12

We agree and have made changes to our methods section to address this. We have added clarification to variables and our equation (lines 80-82, 91-94, 99-100, 105-112). We have added an explanation of the models depicted in the supplementary figure (lines 116-122).

4\. Discussion: Please focus your discussion on your results and your limitations. One of them is the incubation period, which according to Bati et al (2020) the median incubation period was estimated to be 5.1 days.

We agree and have added more discussion on our results and of the study limitations. We included the incubation period as a reason our dataset may be more accurate in estimating the infected population in Wuhan at the time of the travel ban compared to previous studies which were published around the time of the travel ban (lines 240-249). We discuss the impact asymptomatic travelers may have on our study (lines 242-245)

5\. Future lines of research: Please suggest, based on your findings and limitations, what/how should researchers continue investigating. For example, R2\#11 is a relevant issue for further research.

We have suggested in our discussion that government, researchers, and healthcare workers should reassess the infectivity of COVID-19 in an unrestricted environment (lines 253-257). Furthermore, these estimates and research are also useful for future use in case of a new disease outbreak.
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Estimating the prevalence and risk of COVID-19 among international travelers and evacuees of Wuhan through modeling and case reports

PLOS ONE

Dear Mr. Luo,

Thank you for submitting your manuscript to PLOS ONE. After careful consideration, we feel that it has merit but does not fully meet PLOS ONE's publication criteria as it currently stands. Therefore, we invite you to submit a revised version of the manuscript that addresses the points raised during the review process.

I hope you are well and healthy. Thanks for your revised version, I appreciate that you have addressed all the issues raised during the first review round. I would tend to accept the manuscript, but there are three minor issues that should be addressed before:

1\. Add a conclusions section to the manuscript where you summarize your findings and include both policy recommendations and future lines of academic research. My earlier comment \#5 has not been addressed fully. You have included policy recommendations in your last paragraph but not what/how should researchers continue investigating. In light of your findings, what should academics pursue or extend from your work? My suggestion was to use R2\#11 related to modeling. Your model is a linear regression, which has known limitations (omitted variable bias, heteroscedasticity, unobserved heterogeneity). Please acknowledge this limitation and offer some suggestions to other academics.

2\. Provide a roadmap of the paper as the last paragraph of the introduction (that inlcudes the new conclusions section).

I hope you are well and healthy. Thanks for your revised version, I appreciate that you have addressed all the issues raised during the first review round. I would tend to accept the manuscript, but there are three minor issues that should be addressed before:

1\. Add a conclusions section to the manuscript where you summarize your findings and include both policy recommendations (you could include the last paragraph in the conclusions) and future lines of academic research. My earlier comment \#5 has not been addressed fully. You have included policy recommendations in your last paragraph but not what/how should researchers continue investigating. Respond to this question: In light of your findings, what should academics pursue or extend from your work? My suggestion was to use R2\#11 related to modeling. Your model is a linear regression, which has known limitations (omitted variable bias, heteroscedasticity, unobserved heterogeneity). Please acknowledge this limitation and offer some suggestions to other academics.

2\. Provide a roadmap of the paper as the last paragraph of the introduction (that inlcudes the new conclusions section).

Since these are two minor issues, I would appreciate if you could send a final revised version before the deadline granted by default.

We would appreciate receiving your revised manuscript by Jun 27 2020 11:59PM. When you are ready to submit your revision, log on to <https://www.editorialmanager.com/pone/> and select the \'Submissions Needing Revision\' folder to locate your manuscript file.

If you would like to make changes to your financial disclosure, please include your updated statement in your cover letter.

To enhance the reproducibility of your results, we recommend that if applicable you deposit your laboratory protocols in protocols.io, where a protocol can be assigned its own identifier (DOI) such that it can be cited independently in the future. For instructions see: <http://journals.plos.org/plosone/s/submission-guidelines#loc-laboratory-protocols>

Please include the following items when submitting your revised manuscript:

A rebuttal letter that responds to each point raised by the academic editor and reviewer(s). This letter should be uploaded as separate file and labeled \'Response to Reviewers\'.A marked-up copy of your manuscript that highlights changes made to the original version. This file should be uploaded as separate file and labeled \'Revised Manuscript with Track Changes\'.An unmarked version of your revised paper without tracked changes. This file should be uploaded as separate file and labeled \'Manuscript\'.

Please note while forming your response, if your article is accepted, you may have the opportunity to make the peer review history publicly available. The record will include editor decision letters (with reviews) and your responses to reviewer comments. If eligible, we will contact you to opt in or out.

We look forward to receiving your revised manuscript.

Kind regards,

Jordi Paniagua

Academic Editor

PLOS ONE

\[Note: HTML markup is below. Please do not edit.\]

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files to be viewed.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>. Please note that Supporting Information files do not need this step.
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Response to Revision Requests

Editors Comments

1\. Add a conclusions section to the manuscript where you summarize your findings and include both policy recommendations and future lines of academic research. My earlier comment \#5 has not been addressed fully. You have included policy recommendations in your last paragraph but not what/how should researchers continue investigating. In light of your findings, what should academics pursue or extend from your work? My suggestion was to use R2\#11 related to modeling. Your model is a linear regression, which has known limitations (omitted variable bias, heteroscedasticity, unobserved heterogeneity). Please acknowledge this limitation and offer some suggestions to other academics.

We appreciate the suggestion, and we have expanded our manuscript to include a conclusions section with our findings and recommendations (lines 292-304). Additionally, we talk about what researchers and government can do to collaborate for future research (lines 272-291). We acknowledge that our model has limitations (lines 206-213), some of which are explicit (lines 204-206), and that researchers can adapt or develop other models (lines 285-288) depending on data availability. Additionally, we used diagnostic plots to evaluate the assumptions of the linear regression (normality, homoscedasticity, independence, and linearity) which is included in our figures S2 and S3.

2\. Provide a roadmap of the paper as the last paragraph of the introduction (that includes the new conclusions section).

We agree with the comment and have made our last paragraph of the introduction the roadmap of our paper (lines 70-80).
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Dear Dr. Luo,

We're pleased to inform you that your manuscript has been judged scientifically suitable for publication and will be formally accepted for publication once it meets all outstanding technical requirements.

Within one week, you'll receive an e-mail detailing the required amendments. When these have been addressed, you'll receive a formal acceptance letter and your manuscript will be scheduled for publication.

An invoice for payment will follow shortly after the formal acceptance. To ensure an efficient process, please log into Editorial Manager at <http://www.editorialmanager.com/pone/>, click the \'Update My Information\' link at the top of the page, and double check that your user information is up-to-date. If you have any billing related questions, please contact our Author Billing department directly at <authorbilling@plos.org>.

If your institution or institutions have a press office, please notify them about your upcoming paper to help maximize its impact. If they'll be preparing press materials, please inform our press team as soon as possible \-- no later than 48 hours after receiving the formal acceptance. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information, please contact <onepress@plos.org>.

Kind regards,

Jordi Paniagua

Academic Editor

PLOS ONE

Additional Editor Comments (optional):

Reviewers\' comments:

10.1371/journal.pone.0234955.r006
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PONE-D-20-05233R2

Estimating the prevalence and risk of COVID-19 among international travelers and evacuees of Wuhan through modeling and case reports

Dear Dr. Luo:

I\'m pleased to inform you that your manuscript has been deemed suitable for publication in PLOS ONE. Congratulations! Your manuscript is now with our production department.

If your institution or institutions have a press office, please let them know about your upcoming paper now to help maximize its impact. If they\'ll be preparing press materials, please inform our press team within the next 48 hours. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information please contact <onepress@plos.org>.

If we can help with anything else, please email us at <plosone@plos.org>.

Thank you for submitting your work to PLOS ONE and supporting open access.

Kind regards,

PLOS ONE Editorial Office Staff

on behalf of

Dr. Jordi Paniagua

Academic Editor

PLOS ONE
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